We follow numerically the nonlinear evolution of the Parker instability in the interstellar medium in two spatial dimensions. The response of an initially unstable equilibrium state to small, random velocity perturbations is investigated. The horizontal wavelength with maximum growth rate in the linear theory grows preferentially and dominates the nonlinear evolution of the system during timescales of interest in the interstellar medium. The nonlinear evolution of the system also favors modes whose symmetry allows motions that cross the galactic plane. In a separate calculation, we investigate the dominant mode in more detail and discuss the effect of the nonlinear evolution on the structure of the interstellar medium.
INTRODUCTION
The observed magnitude of the large-scale interstellar magnetic field (3-5 G) implies that the magnetic energy density is comparable in magnitude to the other forms of energy present in the interstellar medium (e.g., thermal, gravitational, cosmic ray, and turbulent). Parker (1966) showed that a medium in which a horizontal (parallel to the galactic plane) magnetic field provides partial support against the vertical component of the galactic gravitational field is susceptible to a type of magnetic Rayleigh-Taylor instability. Undulations in the initially horizontal field lines allow matter to slide down the magnetic arches, thereby relieving them of the confining weight of that gas and allowing the arches to rise even higher. This effect is commonly referred to as the Parker instability.
The Parker instability has long been thought to be associated with interstellar cloud formation (Parker 1966; Blitz & Shu 1980) . Mouschovias, Shu, & Woodward (1974) argued that the Parker instability is triggered in spiral arms, behind spiral density shock waves, leading to the formation of large cloud complexes in valleys of curved magnetic field lines. To date, numerical simulations of the Parker instability (e.g., Matsumoto et al. 1988 Matsumoto et al. , 1990 Matsumoto & Shibata 1992 ) have used gravitational field profiles and explored a parameter space suitable to accretion disks, although some qualitative aspects of their models apply to galactic disks as well (see review by Mouschovias 1996) . The purpose of our present study is to build a model specifically applicable to the interstellar medium (ISM) and to address several quantitative questions concerning the nonlinear evolution of the instability. For example, which mode dominates the nonlinear growth of the instability during timescales of interest in the ISM? How fast does the instability grow in the nonlinear regime, and how great a density enhancement is generated in the galactic plane by downflow along the magnetic arches?
In § 2, we give a concise description of the physical model and numerical approach. In § 3, we present some results of the nonlinear development of the instability. A summary and discussion of the role of the Parker instability in the evolution of the ISM are given in § 4. A more detailed presentation of other models in our study of the Parker instability will be given in a separate paper (Basu, Mouschovias, & Paleologou 1997) .
INITIAL STATE, UNITS, AND METHOD OF SOLUTION
We start with an initial equilibrium state of the type used by Parker (1966) for his linear stability analysis. Magnetic field lines are parallel to the galactic plane (z ϭ 0), so that B 0 ϭ ŷB 0 (z). This field provides partial support against a gravitational field that is constant and reverses direction across the galactic plane, i.e., g ϭϪẑ g( z ), where g(z) ϭϪ g( Ϫ z )ϭgϭ const Ͼ 0. The gas is isothermal with constant isothermal sound speed C, so that P ϭ C 2 at all times, where P and denote the thermal pressure and density, respectively. We follow Parker and take the ratio of magnetic and thermal pressures,
to be constant in the initial state. For simplicity, we ignore the effect of cosmic rays in this study. Under these conditions, vertical magnetohydrostatic equilibrium yields the profile
where
is the vertical scale height of the gas in the galactic gravitational field. Evolution from the initial equilibrium state is initiated by applying small velocity perturbations (see § 3 for details). The nonlinear solution is obtained by using a recently developed MHD numerical code. The ideal MHD equations for an THE ASTROPHYSICAL JOURNAL, 480 : L55-L58, 1997 May 1 ᭧ 1997. The American Astronomical Society. All rights reserved. Printed in U.S.A.
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isothermal gas are solved on a two-dimensional grid that is in general nonuniform. The vertical resolution is greatest near the galactic plane; there are about 10 points in the first scale height of the initial state. The time integration is carried out in an implicit manner. Complete details of the numerical method will be presented in Basu et al. (1997) .
We choose a convenient set of units for the problem, as follows: the unit of velocity [v] is the isothermal sound speed C, the unit of length [L] is the thermal-pressure scale height C 2 ͞g, the unit of density [] is the initial density at the galactic plane 0 (0), and the unit of magnetic field strength [B] is the initial field strength at the galactic plane B 0 (0). The implied unit of time [t] isC͞g, the sound-crossing time across a pressure scale height. Using typical interstellar parameters of T ϭ 6000 K, g ϭ 3 ϫ 10 Ϫ9 cm s
Ϫ2
, mean number density in the plane n ϭ 1 cm Ϫ3 (including a 10% He abundance), and choosing the free parameter ␣ ϭ 1, we find the following typical values: 
RESULTS
In order to determine which mode of the instability dominates in the nonlinear regime, we first study a model with random velocity perturbations. The velocity components v y and v z are each given normally distributed random values with a standard deviation of 0.05C. No specific wavelength or mode of the instability is favored by this perturbation. The horizontal boundaries of the computational domain are at y ϭ 0 and y ϭ Y ϭ 50, so that the width of the domain is much greater than both the critical horizontal wavelength of the instability y,crit ϭ 14.5 and the wavelength corresponding to the maximum growth rate in the linear regime y,max ϭ 24.6 (both assuming z 3 E). 1 The density and velocity are assumed to have reflection symmetry about the planes y ϭ 0 and y ϭ Y, where the field lines remain horizontal. The vertical boundaries, where v z ϭ 0 and the field lines remain undeformed, act as lids to the system. However, the vertical boundaries are placed at z ϭ H25, so that they are far enough from the galactic plane not to affect the evolution of most of the matter between them. (Recall that in the initial state the density at z ϭ H25 falls to e Ϫ12.5 ϭ 3.73 ϫ 10 Ϫ6 of its value at the galactic plane.) Figure 1 shows the magnetic field lines at t ϭ 45, or 3.0 ϫ 10 8 yr in dimensional units for typical physical parameters, which is already longer than the galactic rotation time (32 ϫ 10 8 yr). An instability has developed and is well into the nonlinear regime. There are several arches of magnetic field lines, and the ones that are fully enclosed in the computational domain have wavelength y 3 24. This shows that the prediction of the linear theory (that the mode with y ϭ y,max will dominate the growth of the instability) is also valid well into the nonlinear regime. The field lines cross the galactic plane since the initial perturbation imposes no symmetry about it. Interestingly, the arches above and below the plane are shifted relative to each other by a horizontal half-wavelength. This kind of symmetry is present in one class of eigenfunctions of the linear instability, which we call the midplane crossing mode (see discussion in next paragraph). When we follow the evolution of this system further, we find that by the time t ϭ 50 the fully enclosed arch at the upper (z Ͼ 0) left begins to merge with the partially enclosed and less developed arch at the upper left boundary. The ultimate result is an arch with y Ͼ y,max . Merging of two neighboring magnetic arches into one with a longer wavelength was predicted by on the basis of energy considerations. The longer wavelength arches allow more matter to drain down into the gravitational potential well of the galaxy. Moreover, they allow greater expansion of the field lines (as a result of the weaker magnetic tension forces) and, therefore, a reduction of the magnetic energy of the system. However, also pointed out that the timescale for this kind of merging to occur may be too long to be of relevance to the ISM. This is exactly what our present numerical simulations show.
The solution of the linear instability problem can either have field lines with reflection symmetry about z ϭ 0 (midplane symmetric mode) or allow field lines to cross z ϭ 0 (midplane crossing mode), in which case the quantities , B, and v are invariant with respect to a reflection about z ϭ 0 followed by a translation in the y-direction by an amount H y ͞2. An interesting result of our work is that the evolution of the random-perturbation model selects the midplane crossing mode. This mode has a greater linear growth rate than the midplane symmetric mode when g(z) is a more complicated function of z than our step function (e.g., Horiuchi et al. 1988 ), but Giz & Shu (1993) have shown that this feature is suppressed when the gravitational field has a constant value that reverses sign across the galactic plane. Nevertheless, our random perturbation model shows that the nonlinear evolution of the system selects the midplane crossing mode even when it is not preferred in the linear regime.
Given the dominance of the midplane crossing mode, we next study a model with an initial perturbation that has, and at later times leads to evolution that preserves, the symmetry of this mode. This symmetry allows us to study a region of horizontal extent Y ϭ y ͞2. We let Y ϭ 12, so that y 3 y,max . The vertical boundaries, where the field lines remain undeformed, are located at z ϭ HZ ϭ H25. Therefore 2Z ϭ z ͞2 ϭ 50. The perturbation has the form
where ⑀ ϭ 0.2, so that the kinetic energy of the perturbation is less than 1% of any other form of energy (gravitational, thermal, or magnetic) in the system. Figure 2 exhibits some snapshots of the evolution by showing the magnetic field lines and velocity vectors at times t ϭ 10, 20, and 30. For ease in visualization, we show a region that covers a full horizontal wavelength, ϪY Յ y Յ ϩY,o ft h e instability. At t ϭ 10, the instability has manifested itself mainly in the high-z, low-inertia region. The greatest upward (or downward, for z Ͻ 0) velocities are found high above the galactic plane (maximum speed of 1.3C) within the vertical interval 10 = ͉ z͉ = 14, at the horizontal positions where magnetic arches are forming. The greatest downward velocities are in the vertical region 6 = ͉ z͉ = 11, above the horizontal positions where magnetic valleys are forming. However, in the region where most of the matter and magnetic flux are located (in the initial state 95% of the matter is found in the region 0 Յ ͉ z͉ Յ 6), the field lines have not deviated much from their initial straight-parallel configuration. By t ϭ 20, the system is well into the nonlinear phase of evolution. The field lines have become considerably arched, even near z ϭ 0, and matter is being redistributed at all heights. The tops of the field lines are still rising, and there is also a very strong downflow of gas (maximum speed 2.6C) into the magnetic valleys, leading to strong shocks. At t ϭ 30, the field lines have virtually stopped their expansion and are nearly at their "final" equilibrium positions. 2 The matter in the region 0 Յ ͉ z͉ = 5 has overshot its equilibrium position, and there now is a small (upward) rebound along the field lines. In the region ͉ z͉ ? 5, matter is continuing to accelerate down the arches and has achieved the greatest downward speeds (maximum 3.6C). This low-inertia region takes a much longer time to settle down and reach the "final" state. At later times (by t ϭ 50), not shown here, there is also a reversal of velocities in the high-z regions. During most of the time of astrophysical interest, before the high-z regions settle into an equilibrium state, there are distinctively shaped shock fronts several scale heights above the galactic plane. Figure 3 shows the time evolution of the density at the point 2 Final equilibrium states of lower energy than the initial equilibrium state are expected to exist, for the reasons given by Mouschovias (1975) . calculated the final equilibria for the midplane symmetric modes.
FIG.
2.-Nonlinear evolution of the midplane crossing mode, showing the magnetic field lines at times t ϭ 10, 20, and 30 (left to right) and, immediately below them, the velocity vectors at the same three times. For ease in visualization, a full horizontal wavelength is shown in all cases. At each time, the velocity vectors are normalized to the maximum speed in the region. It is 1.29C, 2.58C, and 3.58C at times t ϭ 10, 20, and 30, respectively. The computational region (0 Յ y Յ 12, Ϫ25 Յ z Յ ϩ25) has 81 uniformly spaced points in the y-direction and 121 nonuniformly spaced points in the z-direction.
( y, z) ϭ (0, 0), which is situated at the bottom of a magnetic valley. It clearly reveals the difference between the linear and nonlinear phases of the evolution. Before t ϭ 10, there is very little density enhancement, as rapid motions are occurring only in the very high-z, low-inertia regions. However, between t ϭ 10 and t ϭ 20 there occurs a very rapid growth in the density, as the field lines at small z become significantly distorted, thus allowing matter to slide down toward the galactic plane. Almost the entire density enhancement takes place during this phase. In fact, the density overshoots its final equilibrium value and subsequently undergoes damped oscillations about it. The evolution is followed up to t ϭ 50 in order to verify that the system indeed settles into a new equilibrium state.
SUMMARY AND DISCUSSION
We have performed two-dimensional simulations of the nonlinear evolution of the Parker instability with values of the input parameters specifically chosen to make the results applicable to the interstellar medium. Random velocity perturbations on the initially unstable equilibrium state lead to the development of expanding magnetic arches of wavelength y 3 y,max , where y,max is the horizontal wavelength with maximum growth rate in the linear regime. This mode continues to dominate in the nonlinear regime for times exceeding one galactic rotation time. Thus, the eventual tendency of neighboring arches to merge and form longer wavelength arches, characterized by lower total energy, is not of much practical significance to the ISM.
Starting with Parker's one-dimensional initial equilibrium state, the instability leads to rapid evolution first in the high-z regions, where only a small amount of mass is found. The low-z regions (near the galactic plane) are affected only after significant expansion of the field lines takes place at high altitudes above the galactic plane. However, the low-z regions containing the bulk of the mass of the interstellar gas settle into final equilibrium states within a timescale of 110 8 yr, while significant motions, in the form of distinctively shaped shocks, remain visible in the high-z regions (several scale heights above the galactic plane) over timescales longer than 10 8 yr. Aside from its direct effect on the structure and evolution of the ISM, the Parker instability may be thought of as setting the stage upon which smaller-scale processes, such as cloud formation, star formation, and subsequent supernova explosions, act out their individual roles and collectively contribute to the structure and evolution of the ISM. The Parker instability may be directly responsible for the formation of giant molecular clouds, or cloud complexes, if it can act rapidly enough and generate a sufficient density enhancement near the galactic plane. An important number is the maximum density enhancement during the evolution, which is greater (as a result of overshoot) than the density enhancement achieved in the final equilibrium state. If it is great enough that a critical pressure (see Field, Goldsmith, & Habing 1969 ) is reached, a phase transition to a cooler, denser cloud phase could occur. The nonlinear phase of evolution takes 16 ϫ 10 7 yr, so that, if the Parker instability is triggered by a nonlinear perturbation such as a spiral density shock wave, it may be possible to generate a sufficient density enhancement in a time short enough to explain the formation of giant cloud complexes. Moreover, we note that accounting for the presence of cosmic rays or the third dimension (i.e., the one perpendicular to the plane defined by the gravitational and magnetic fields) enhances the growth rate of the instability (Parker 1966 (Parker , 1967 and may also result in greater density enhancement at the galactic plane than the approximate factor of 2 found in our current model. Clearly, further quantitative investigation of the consequences of these effects on the nonlinear development of the instability is required before these important issues are settled.
Other aspects of the nonlinear evolution, including the structure of two-dimensional final equilibrium states, are discussed in a separate publication.
